This paper clarifies the role of cytochrome c in Pseudomonas AM1 by measuring the stoicheiometry of proton translocation driven by respiration of endogenous or added substrates in wild-type bacteria and in a mutant lacking cytochrome c (mutant PCT76). The maximum --H+/O ratio (protons translocated out of the bacteria per atom ofoxygen consumed during respiration) was about 4 and, except when respiration was markedly affected, this ratio was similar in mutant and wild-type bacteria. The -+H+/O ratios were unaltered when the usual oxidase (cytochrome a3) was inhibited by 3004uM-KCN and respiration involved the single cytochrome b functioning as an alternative oxidase. Ratios measured in cells respiring endogenous substrate and in cells loaded with malate or 3-hydroxybutyrate suggest that there are two proton-translocating segments operating during the oxidation of NADH. By contrast, during oxidation of formaldehyde or methylamine only one pair of protons is translocated. Proton translocation could not be measured with methanol as substrate, because its oxidation was inhibited (90-95 %) by 5mM-KSCN. It is tentatively proposed that the electron-transport chain for NADH oxidation in Pseudomonas AM1 is arranged such that the NADH-ubiquinone oxidoreductase forms one proton-translocating segment and the second segment consists of ubiquinone and cytochromes b and a/a3. The cytochrome c appears to be essential only for respiration and proton translocation from methanol (and possibly from methylamine); there is no conclusive evidence that cytochrome c ever mediates between cytochromes b and a/a3 in Pseudomonas AM1.
Pseudomonas AMI is a typical facultative methylotroph able to grow on a range of carbon and energy sources, including Cl compounds but excluding methane (Quayle, 1972; Anthony, 1975a) . A scheme for electron transport in this bacterium has been proposed (Widdowson & Anthony, 1975) in which methanol is oxidized by way of an unusual 'pteridoprotein' dehydrogenase (Anthony & Zatman, 1967) , a soluble cytochrome c (Anthony, 1975b) and cytochrome a/a3. It has been proposed that there is only one physiological oxidase (cytochromne a3) (Widdowson & Anthony, 1975) and it was initially proposed that the oxidation of all other substrates (except perhaps methylamine) involves cytochromnes b, c and a/a3 (Anthony, 1970) . However, results with a mutant lacking cytochrome c (mutant PCT76) suggested either that this cytochrome is involved only in the oxidation of methanol (and perhaps methylamine) or that there is an alternative route for electron transport between cytochromes b and a/a3 in wildtype bacteria which becomes the sole route for electron transport in the cytochrome c-deficient Vol. 170 mutant (Anthony, 1975b; Widdowson & Anthony, 1975) .
It is well established that the nature and arrangement of electron-transport components in the bacterial membrane influences the stoicheiometry of respiration-driven proton translocation; bacteria with cytochromes b, c and a/a3 usually have three proton-translocating segments, whereas bacteria with no cytochrome c usually have only two segments (Haddock & Jones, 1977; Jones, 1977) . The present paper describes experiments aimed at elucidating the role of cytochrome c in Pseudomonas AMI by measuring the stoicheiometry ofrespiration-driven proton translocation in wild-type bacteria and in the mutant lacking cytochrome c (mutant PCT76).
The stoicheiometry of proton translocation during oxidation of a given substrate is often taken as a measure of the P/O ratio for that substrate, the P/O ratio usually being half the measured -+H+/O ratio (see Mitchell, 1970; Jones, 1977) . The -÷H+/O ratios reported in the present paper may thus give some indication of the amount of ATP likely to be available for growth as a result of oxidative phosphorylation in Pseudomonas AMI. Discussions of growth yields of methylotrophs usually assume a P/O ratio of 3 for oxidation of formate by way of NADH, and because these bacteria always have cytochrome c this has perhaps been a reasonable assumption (see van Dijken & Harder, 1975) . However, the only proton-translocation measurements so far published for methylotrophs indicate a maximum P/O ratio of 1 for all substrates (Tonge et al., 1977 
Organisms andgrowth media
Pseudomonas AM1 (N.C.I.B. 9133) was obtained from the National Collection of Industrial Bacteria, Torry Research Station, Aberdeen, Scotland, U.K. Mutant PCT76 was isolated by Dr. Patricia Dunstan of this department and has been described previously (Anthony, 1975b) ; this mutant lacks cytochrome c and methylamnine dehydrogenase and grows on all the same substrates as wild-type bacteria except for methanol, ethanol and methylamine. Stock cultures of wild-type Pseudomonas AM1 were maintained on methylamine/agar, and of the mutant on succinate/ agar. The defined liquid growth medium was that described by Anthony & Zatman (1964) , carbon sources being used at 0.2%, except for methanol and methylamine (0.4%).
Growth and harvesting ofbacteria
Bacteria were grown as 1-litre batch cultures in 2-litre baffled flasks at 30°C on a rotary shaker. Unless otherwise stated cells were harvested at lateexponential phase, washed twice at 20C in 140mM-KCI and resuspended in this medium to a cell density of 120mg dry wt./ml; they were stored at 0-40C and used for determination of --.H+/O ratios within 10h of harvesting.
Measurement ofcytochrome oxidation rates
These measurements were made exactly as described previously (Widdowson & Anthony, 1975) , except where stated.
Measurement of -H+/O ratios
The pulse-oxidant technique used was essentially that of Mitchell & Moyle (1967) . The (West & Mitchell, 1972 (West & Mitchell, 1974) , Pseudomonas AM1 has no Na+/H+ antiporter system. Inclusion ofcarbonate dehydratase (40,ug/ml) in the incubation had no effect on the measured (Mitchell & Moyle, 1965 (Lawford et al., 1976) .
The results in Table 1 show that the -*H+/O ratio (Widdowson & Anthony, 1975 Although preferable for these experiments, it was impossible to diminish the endogenous respiration markedly by washing or by incubating harvested bacteria in growth mediumn with no carbon source for up to 24h. This is possibly because the endogenous substrate is NADH, which is constantly replenished by oxidation of 3-hydroxybutyrate, the hydrolysis product of poly-(3-hydroxybutyrate), which constitutes up to 10% of the dry weight of the bacteria. The concentration of storage product was insufficiently diminished by growth in carbon-limited continuous culture to decrease the endogenous respiration rate.
The -÷H+/O ratios for bacteria respiring with a variety of exogenous substrates are given in Table 2 . The concentration of thiocyanate (66mM) used had very little effect on the rates of oxidation of endogenous substrate, formaldehyde or 3-hydroxybutyrate, but the oxidation of other substrates was inhibited to some extent (methylamine, 25% inhibition; formate, malate and succinate, 45 %; ascorbate/ tetramethylenephenylenediamine, 64 %; methanol, 90-95 %). Methanol oxidation was also 90% inhibited with 5mM-KSCN, and thus determination of --H+/O ratios for methanol oxidation was impossible. The presence of methanol had no effect on proton translocation driven by respiration of endogenous substrate. With the substrates listed in Table 2 3-15,ul, final concentration in reaction mixture 2.5mnM) were injected into the same cell suspensions as were used for proton-translocation experiments and the pH was recorded. The pH of the substrate was adjusted before injection to that of the cell suspension and pH changes were standardized in the usual way with anaerobic 2mM-HCl.
In wild-type Pseudomonas AM1 rapid pH changes occurred (15-SOng-ions of H+ in 4s), but injection of substrate led to no pH changes in the inutant. In wild-type bacteria there was no change in pH on addition of methanol, but the pH increased on addition of succinate, malate and 3-hydroxybutyrate, and decreased with methylamine and formaldehyde. The pH changes were the same in the presence or absence of the uncoupler carbonyl cyanide m-chlorophenylhydrazone or of thiocyanate. The simplest interpretations of these observations is that the pH changes result from rapid entry of substrate into the cells and that anions enter together with a proton, whereas methylamine enters in the uncharged form, leaving its proton in the surrounding medium. There is no straightforward explanation for the result with formaldehyde nor for the lack of pH changes in the mutant with no qytochromne c.
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Although these preliminary observations cannot be used quantitatively and await further investigation with 14C-labelled substrates, they do perhaps aid interpretation of the results in Table 2 . If proton movements across the cell membrane are occurring with concomitant uptake of respiratory substrate during the 02 pulse in experiments measuring --H+/O ratios, then the true values will be higher than those recorded in Table 2 for malate and 3-hydroxybutyrate (probably giving values approaching the endogenous value of about 4), and lower than those recorded for formaldehyde and methylamine (probably decreasing towards a value of 2). The higher -+H+/O ratios measured with malate and 3-hydroxybutyrate in mutant PCT76, in which no substratelinked proton movements were recorded, support this interpretation. That the -*H+/O ratio measured with succinate is lower than that measured during respiration with endogenous substrate in wild-type bacteria, and lower than that measured with malate and 3-hydroxybutyrate in mutant PCT76, suggests that there are fewer proton-translocating segments associated with succinate respiration than with these other substrates; the observation that succinate may be transported with a proton, however, confuses the interpretation of these results.
Discussion
Because Pseudomonas AM1 has cytochromes a, b and c, it might be expected that during respiration the same three proton-translocating segments (or loops) would operate as in other bacteria having this particular complement of cytochromes (see Haddock & Jones, 1977; Jones, 1977) . If this were the case then segment 1 would be NADH-ubiquinone oxidoreduc. tase, and segments 2 and 3 (or 2 plus 3 in a 'Q cycle ') would involve two species of cytochrome b, cyto- (11) 24+4.8 (6) 28 ±9.4 (3) 11 ±2.1 (4) 8+0.4 (4) chrome c and cytochrome a/a3. However, the observation that Pseudomonas AMI has only one cytochrome b (Widdowson & Anthony, 1975) and that the maximum -+H+/O ratio measured during endogenous respiration in wild-type bacteria and also in the mutant lacking cytochrome c was about 4 suggests that the endogenous substrate isNADH and that there are only two proton-translocating segments involved in oxidation of NADH (Scheme 1). Cytochrome c is not involved in either of these segments; the first segment is NADH-ubiquinone oxidoreductase; the second segment involves cytochrome b and operates between ubiquinone and cytochrome a/a3. These suggestions are supported by the observation that the --H+/O ratio is unchanged (about 4) in wild-type and mutant bacteria when the usual oxidase, cytochrome a3 (Widdowson & Anthony, 1975) is reduced on the outer side of the bacterial membrane and that oxygen is reduced by cytochrome a3 on the inner side; these two cytochromes are thus able to constitute part of a proton-translocating segment in wild-type Pseudomonas AM1.
The proposed Scheme 1 is the most simple that will accommodate all the data so far available. It proposes, in effect, two electron-transport chains with cytochrome a/a3 as a common component. The chains have been drawn in this way to emphasize that cytochrome c is only essential for electron transport and proton translocation when methanol or ascorbate/ tetramethylenephenylenediamine (and possibly methylamine) is the respiratory substrate. Neither our previous results (Anthony, 1975b; Widdowson & Anthony, 1975) nor those described in the present The arrows indicate flow of electrons or protons; they do not necessarily imply a direct reaction between components. The Scheme proposes that reduction ofcytochromes b and c occurs on the outer side ofthe membrane and that reduction of molecular oxygen always occurs on the inner side. Although the inhibition of methanol oxidation by KSCN prevented measurement of proton translocation with this substrate, the involvement of cytochromes c and a/a3 in methanol oxidation has been established (Anthony, 1975b; Widdowson & Anthony, 1975) , and thus it may be concluded that a ->.H+/O ratio of at least 2 is possible during the oxidation of methanol to formaldehyde by way of the separate methanol dehydrogenase-cytochrome ccytochrome a/a3 proton-translocating segment.
Because the mutant lacking cytochrome c is also deficient in methylamine dehydrogenase it is not possible to state whether the cytochrome c-cytochrome a/a3 segment or the ubiquinol-cytochrome a/a3 segment is responsible for the proton translocation associated with methylamine oxidation.
If the proton-translocating segments are arranged as described in Scheme 1, then the ->H+/O ratio for those exogenous substrates oxidized by way of NAD+-linked dehydrogenases (formate, 3-hydroxybutyrate and malate) should be 4, whereas that for substrates not involving NAD+ (succinate, formaldehyde, methanol and methylamine) should be only 2. Except when respiration is affected by loss of cytochrome c (as with methylamine and methanol) these -÷H+/O ratios should be unaltered in mutant PCT76. The results of measurements of -->H+/O ratios in the presence of exogenous substrates are consistent with these predictions. However, because it proved impossible to abolish the endogenous respiration before doing these experiments, and because of the proton movements associated with the presumed transport of exogenous substrates (in wild-type bacteria), the results with exogenous substrates are not unequivocal.
The results presented here suggest that if the P/O ratio is half the measured -.H+/O ratio, then during growth of Pseudomonas AM1 on methanol the P/O ratios will be 2 for formate oxidation, 1 for formaldehyde oxidation and probably 1 for methanol oxidation. A total value of 4 for complete oxidation of methanol to CO2 is consistent with the P/O values measured with membrane preparations of a similar bacterium (Netrusov et al., 1977) .
These values for P/O ratios are also in accordance with the values predicted by Goldberg et al. (1976) from growth yields of bacteria such as Pseudomonas AM1 growing on methanol by way of the serine pathway. However it should be noted that, because the NAD(P)H supply, as well as the ATP supply, is a major factor limiting the growth yields of these bacteria, such predictions ofP/O ratios from measurements of growth yields are of limited value. Indeed, it has been shown that, because of the NAD(P)Hlimitation in these bacteria, if the total P/O ratio for oxidation of formaldehyde to CO2 is 3 as indicated in the present paper then measured growth yields will be hardly affected by increasing the P/O ratio from 1 to 2 or 3 for the first step in mnethanol oxidation (Anthony, 1978) .
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